• Real time image processing based DNC system is developed and presented
Introduction
Crystallization is a key unit operation, a separation and purification technique in various chemical, pharmaceutical and food industries. The key descriptors of the crystalline materials are the size, shape, purity and polymorphic form. All these properties impact significantly the efficiency of downstream operations such as drying or filtration and influence product quality [1] [2] [3] . The Food and Drug Administration (FDA) and the European Medicines Agency (EMA) encourage the pharmaceutical and food companies to use Quality by Design (QbD) approaches for the sake of minimizing the variability in product properties 4 .
Process analytical technology (PAT) brings numerous new methods and opportunities in the real-time monitoring of crystallization processes. These can be integrated into the control strategy and provide exhaustive information about the crystallization, opening new doors in deeper understanding of the fundamental governing processes also enabling the efficient design of crystallization systems by the application of feedback control strategies, according the a novel Quality-by-Control (QbC) framework 5 . The crystal size and shape distribution can be tracked by numerous methods. FBRM is an in situ measurement tool, which provides information about nucleation, growth, dissolution, polymorphic transformation, and size distribution of crystal population 4 , however multiple crystal properties or operating conditions (e.g. mixing) can influence the measured signal. To obtain more robust measurement and identification of mechanisms during crystallization the combination of PAT tools is commonly implied. Saleemi et al. combined FBRM with attenuated total reflection ultraviolet/visible spectroscopy (ATR-UV/VIS) in order to detect the crystallization of isomers 6 . Simon et al.
applied the same combination, supplemented with bulk video imaging (BVI) 7 while Liu et al.
used FBRM, particle video microscopy and near-infrared spectroscopy (NIR) 8 . Polymorphic transformations were also investigated with combined PAT tools 9 .
Limited number of research papers deal with FBRM based crystallization control.
Kougoulos et al. applied FBRM and process video imaging in a modified mixed suspension mixed product removal crystallizer to control the crystal size distribution (CSD) 10 . Aamir et al.
proposed a control strategy of CSD by optimal supersaturation and seed recipe 11 . Sheikhzadeh et al. proposed a PAT based control for an anti-solvent crystallization 12 . Nagy developed a model based feedback control approach for batch crystallization, which is based on particle number detection 1 . Fujiwara et al. introduced first-principles and direct design approaches involving the FBRM count and concentration measurements 13 . Automated direct nucleation control (ADNC) was developed for crystal size control for batch processes by Salemi et al. and
Abu Bakar et al. [14] [15] [16] . The concept was further extended to continuous processes and then combined with milling in order to generate larger number of particles 45, 46 .
In the recent years, image recording and processing tools have also been developed and widely applied for crystallization processes. These techniques are suitable for crystal shape monitoring and control 17 . An early work of image analysis based process monitoring and optical imaging was developed by Patience et al. 18 Today numerous companies provide in situ imaging sensors as well as flow-through cell imaging devices 2, 5, [19] [20] . Endoscope based systems were also integrated into the process monitoring setup 7 .
The vast majority of applications use imaging systems as a qualitative tool to monitor crystallization, with limited applications of real time quantitative application based on image analysis. The image analysis techniques used can be classified in two broad classes: (i) the blob analysis is based on particle boundary detection and (ii) the texture analysis monitors the change of image descriptors 5 . These tools have been successfully applied for nucleation detection [21] [22] , particle size 23 and shape monitoring 17, [23] [24] [25] and monitoring polymorphic transformations [19] [20] [26] [27] . Imaging techniques combined with additional PAT tools are also often used for monitoring e.g. morphological changes in various crystallization processes in the presence of additives 28, 29, 30 . Image analysis has also been applied for modeling purposes 2 been reported yet 17 .
In the current work an image analysis based direct nucleation control (IA-DNC) is proposed, which is tested in three case-studies for crystal size control. During the IA-DNC the system is also monitored with FBRM for comparison. It is shown that IA-DNC can successfully control crystal size distribution providing an alternative approach to the FBRM-based DNC, enabling the more direct control of particle numbers or other, for example shape related, crystal properties.
Image analysis based automated direct nucleation control IA -DNC
DNC is a model-free control approach, which uses data related to the particle number such as FBRM measured chord length distribution. Hence, a number related total count in a unit time is monitored and setpoint for the count can be provided. Based on the measured counts the temperature is manipulated in order to control the supersaturation, which determines the nucleation and growth rates. Higher supersaturation, generally, favors nucleation. Thus, the faster cooling leads to larger particle number and, consequently, to lower mean size. During heat-up crystal dissolution occurs. According to the Oswald ripening effect the dissolution rate is inversely proportional with the crystal size 38, 39 . Ideally, the heating stage leads to dissolution of fines (fines is generally considered as small crystals in the 10s µm range), while moderately reducing the size of larger crystals. Consequently, cyclic temperature profile can lead to crystal population with narrower size distribution and larger mean size. This correlation between temperature cycling and CSD is used in the DNC approach for CSD control.
In the present work the PVM is applied as in-line imaging PAT tool. The captured images are post-processed in real time by using Blob image analysis method for detection of particles including segmentation, object (or edge) detection 5, 40 , as shown in Fig. 1 , extracting the particle size, shape (AR) and relative particle number (counts/s). This example presents the numerically calculated grey frames around the detected particles. The frame edge lengths give information about the size and AR of the particle projection. The particle count obtained from the IA is, similarly to the FBRM measurement, directly proportional to crystal number: larger number of particles leads increased number of detections. It's limitation is the high solid concentration that can cause crystal overlapping, which translates to reduced chance of capturing individual crystals 41, 42, 43 . Increase in particle counts may be the result of formation of small particles (or nuclei) while the decrease can come from dissolution. When FBRM is used for monitoringthe crystallization of high AR crystals, the FBRM count will show increase in the numbers of fine chord lengths due to the higher probability of capturing the width of the crystals rather than the length. This artifact will be interpreted as nucleation event and the FBRM based DNC would trigger dissolution, leading to decrease of size. In these cases, the FBRM based DNC often leads to constant cycling and long batches without eventually converging to the final desired temperature. The key advantage of the IA-DNC is that the particle number measurement is completely decoupled from the shape of the crystals and is a true reflection of crystal nucleation or dissolution. The "+" denotes which properties were measured in the experiments, while properties marked with "-" was not monitored during the process.
KDP crystallization from aqueous solution
The KDP crystallization has well-known crystallization kinetics 17, [33] [34] . Two IA-DNC experiments were carried out applying different cooling and heating rates (0.3 ºC/min and 0.5 ºC/min) in order to handle the PVM based count number at a certain value (it is 2.7 in the "slow" and 3.9 in the "fast" cooling experiments). The systems in both cases were cooled down to 20 o C. Palliation of the heating and cooling rates can be done between the limits of counts by using the gain factor. This reduces the heating rate when the count number achieves the setpoint (desired count number) and keeps the temperature on the reduced rate until it reaches the predefined lower limit of the count number. It also reduces the cooling rate between the setpoint and upper limit of counts (
). This is for reducing the amplitude of the count and improving the efficiency of the temperature control.
The same gain factor of 2 for the heating and cooling rates were applied in the experiments. in absolute values, which is resulted from the different particle capturing technique behind the two sensors. This is due to the fact that less crystals could be captured by the imaging probes such as PVM (see Fig.5 ) in a unit time (10fps and 30sec sample time were applied). This also explains the larger noise in the PVM count than in the FBRM signal. This can be improved by using larger sampling time, which means more images would be analyzed for one measurement.
The comparison shows that imaging technique, and the particle count from image analysis, could be used for robust control of crystallization systems but uncertainty and noise are larger than using FBRM. fig. 4b show the measured trends of crystallization during "slow" IA-DNC. It is also a stable control, when the desired count and the temperature were achieved after 5 DNC cycles and it resulted higher AR (close to 2.6) of the product crystals. The lower value for setpoint led to significant increase of the measurement noise and the trend of mean AR is more intensive. The FBRM count number is also halved compared to the "fast" DNC, and the measurement is still robust in terms of accuracy. DNC experiments. It is evident that the "slow" IA-DNC produced less agglomerated crystals but it also took 60% more time (350 min vs. 220 min). This can be explained by the fact that the fast cooling generated high supersaturation, which finally leads to more and stronger agglomerates, which are more resistant to dissolution and are not destroyed in the heating stage.
According to the figures 4 and 5, the AR (the agglomerates are handled as a single particle by the image processing software) obtained from the slower IA-DNC is in fact higher than in the fast DNC where agglomearates were produced.. This indicates that in fact the larger number of cycles in the slow IA-DNC experiments, as expected, help to obtain less agglomerate product, while the process conditions led to slightly higher AR. This also indicates that the IA based DNC could also be used in real-time shape control. Sticking of crystals on the probes often occurs during the nucleation, as the PVM image sequence of Fig. 6 illustrates. This worsens the measurement accuracy (for FBRM and PVM too), however image processing provides good opportunity to digitally hide the pixels where particles arestuck. studied the effect of multi-impurity adsorption on the crystal shape and purity 44 . The paper explains the strong effect on the AR of crystals and the same effect is now considered to be investigated when sequential cooling-heating cycles are used. Low quantity of impurity However, filtering small particles from the measured CLD might inherently leads to delay in the detection of nucleation and raises additional issues on how the CLD should be (optimally) reduced.. When the particle sizes in the agglomerates are below the limit of the detectable size of the object, the PVM does not detect these fines, which act as a filter. The limitation of the detection can be either physical such as the resolution of the imaging sensor, the limited availability of the optical imaging in under 10 µm or software based limitation originated the values of the analyzer such as threshold and other parameters [40] [41] [42] [43] Finally, it can be seen that the IA-DNC kept the PVM counts between the predefined limits ( Fig.7a) and stable, converged control is still achieved.
The FBRM mean square weighted chord length continuously increases with the number of DNC cycles but the PVM mean diameter slightly decreases (Fig.7b ). This may be because the biggest crystals grew out of the PVM range. Additionally, the solid density in the system may be close to the limitation of the image processing and large crystal are not accurately captured. with the applied image processing setup. According to these results, the IA-DNC is suitable to control the crystallization of materials having increased agglomeration inclination. Comparing the count provided by the FBRM and PVM it was observable that PVM with given IA settings (which is common to use to avoid noise in the images) does not detect the particle sizes coming from the agglomerate disintegration. In this situation the FBRM count behaved as an inversed response system, which is not advantageous in process control and would lead to larger number of oscillation. However, limitation of the IA-DNC is that during the crystallization the particles can grow out from the PVM detection limit.
L-ascorbic acid crystallization from water
Eggers et al. monitored the shape and size during the seeded cooling batch crystallization of L-ascorbic acid 23 . Other studies investigated the crystallization kinetics from ethanolmethanol-water system reporting interesting correlations between the fundamental phenomenon of solubility, nucleation, growth and the system properties with solvent composition and temperature [35] [36] [37] . However, none of these studies considered the control of Lascorbic acid crystallization. In the case of the L-ascorbic acid crystallization the IA-DNC does not perfectly converges to the final desired temperature. However, the temperature oscillates in a relatively narrow domain and, according to the Fig. 11 , high quality, large product crystals are obtained. The fines could simply be removed by a final dissolution overall making the IA-DNC an efficient approach for the crystallization of L-ascorbic acid.
According to the results, in some situations the IA-DNC is more attractive but for other systems/materials the FBRM based DNC remains the better choice. Hybrid control strategies could simultaneously benefit from the advantages of PVM and FBRM. An intelligent decision system could be developed, which could decide whether if the PVM or FBRM signal is the more representative. As a simple example, the FBRM based DNC often may not suitable for the control of the crystallization of growth dominated high AR crystals. In these cases, due to the increased growth in the length direction, the probability of measuring chord lengths determined by the width of the particles increases, and if the system is growth dominated the increase in the total counts/s predominantly will be due to the growth in the length direction.
This increase in total counts will be interpreted by the DNC algorithm as nucleation event and dissolution cycles will be initiated, which then will decrease the length of particles, thus decreasing the total counts. This generally leads to sustained oscillations if DNC is implemented based on the FBRM counts. Since IA approaches identify the number of particles independently of their shape the increase in number of counts resulting from the images is always the result of true nucleation, hence the IA-DNC can be a more suitable approach for these systems.
Another example for the potential benefits of combined use of the FBRM and PVM based DNC can be to use at the beginning of the crystallization when solid concentration maybe lower the IA-DNC, since IA based techniques give a better estimate of particle count, but as solid concentration increases, due to overlapping particles the PVM images can saturate in later stage of the crystallization when the DNC could switch to using signal from the FBRM that is sensitive to changes in particle number even in relative high solid concentrations. The switch could be done by an automated decision support system, by comparing the trends of the PVM and FBRM counts.
Conclusions
In the current work an extension of the direct nucleation control (DNC) is presented, where on-line imaging based real time image processing provides the particle properties for the feedback controller. PVM is used for on-line imaging and FBRM for process monitoring. Based on the presented three case studies the real time image analysis can be successfully adopted into the DNC approach. The agreement between the FBRM and PVM provided count trends was acceptable.
The study demonstrated that the PVM count has several advantageous properties: (i) artefact in signal due to sticking could easily be corrected digitally in the image processing; (ii) the inverse response of FBRM count at the heating stage (due to the disintegration of agglomerates) not appears in the PVM count; (iii) the image processing based count is generally more reliable in the case of high AR crystals and (iv) the shape information, also provided by the PVM, can make the IA-DNC suitable for model free feedback control of shape.
According to the experiments, the crucial point of control system efficiency is the image processing setup as the used blob analysis based particle identification, generally, was reliable in limited size range. In order to enhance the control performance, the PVM based IA-DNC presented in the case-studies involved carefully tuned image processing to the expected particle size range of batch.
Some hybrid techniques are also suggested but in order to clarify the applicability and performance of those approaches further investigations are required.
